C atecholaminergic polymorphic ventricular tachycardia (CPVT) is an uncommon arrhythmogenic disorder occurring in children and adolescents with a structurally normal heart. Patients suffering from CPVT are exposed, at a young age, to syncopal events and sudden cardiac death (SCD) due to stress-induced ventricular tachyarrhythmia. 1 The resting ECG, including the QTc interval, is generally normal, but sinus bradycardia may be observed. CPVT has a highly malignant course when untreated, with estimates of mortality ranging from 30% to 50% by the age of 20 to 30 years. 2 Furthermore, there is a clear correlation between the age of the first syncope and the severity of the disease, with a worse prognosis in the case of early occurrence. ␤-Blockers without sympathomimetic activity are clinically effective in reducing syncope, but sometimes an implantable defibrillator may be needed. 3 The genetic basis of this inherited arrhythmogenic disorder has been established by the identification of autosomal dominant mutations in the cardiac ryanodine receptor gene (RYR2). 4, 5 More recently, Lahat et al 6 reported on one consanguineous CPVT family and their associated homozygous missense mutation in calsequestrin 2 (CASQ2), effectively describing a recessive form of CPVT. 6 Both genes play a crucial role in the excitation-contraction coupling; they are involved in the release of Ca 2ϩ from the sarcoplasmatic reticulum (SR) before contraction of the myocyte. 7 Genetic and clinical evaluation of our CPVT population allowed us to identify three new mutations in CASQ2. In the present study, we report on three families: two CPVT families with phenotypes fitting a recessive mode of inheritance and one family with a possible autosomal dominant mode of inheritance, with their associated nonsense mutations.
Materials and Methods

CPVT Families
The probands of the three families were referred to Paris or Amsterdam for syncope (nϭ2) and rescued cardiac arrest (nϭ1). CPVT diagnosis was established by documenting bidirectional ventricular tachycardia (VT), which was reproducibly induced by exercise stress testing and/or isoproterenol infusion in the absence of structural heart abnormalities as assessed by clinical history, blood chemistry, ECG, and echocardiography. All probands had a normal QTc interval at rest. A familial history of syncope or sudden death was absent in families I and II. Family members were evaluated by 12-lead resting ECG, exercise test, and Holter recording. All individuals gave informed consent to the clinical and genetic study, which was approved by the internal ethics committee.
Genotyping of Candidate Genes
Mutation screening was performed on genomic DNA samples that were extracted from peripheral blood lymphocytes by standard methods. The genomic sequence of the CASQ2 gene (accession No. NM_001232) was used to design intronic primers for all 11 exons and the 5Ј putative promoter region. Polymerase chain reaction (PCR)-amplified fragments were analyzed by unidirectional sequencing on an ABI 377 sequencer (Applied Biosystems) with a BigDye terminator (Perkin-Elmer). Aberrant sequences were reamplified and resequenced to exclude polymerase errors. A mixed control group from France and the Netherlands of 200 alleles from healthy and unrelated subjects was used to exclude the possibility of a polymorphism. In addition to the CASQ2 screening, the entire coding regions of SCN5A (accession No. NM_000335), histidinerich Ca 2ϩ -binding protein (HRC, accession No. NM_002152), phospholamban (PLN, accession no. NM_002667), and 50% of RYR2 (areas with known mutation/function, accession No. NM_001035) were screened with the use of intronic primers. Moreover, in two of the three probands, the coding regions of KCNQ1 (accession No. NM_000218), KCNH2 (accession No. NM_000238), KCNE1 (accession No. NM_000219), and KCNK1 (accession No. NM_002245) were also screened.
Results
Exclusion of HRC, PLN, and RYR2 Coding Regions
Direct DNA sequencing of all protein-coding areas of the candidate genes, HRC, and PLN and sequencing of 50% of the RyR2 gene failed to reveal any mutations in the three probands reported in the present study (data not shown). In contrast, direct sequencing of all the coding regions of the CASQ2 gene revealed three new mutations, with each specific to a distinct family.
CASQ2 Mutations in CPVT Families
Family I A 6.5-year-old girl (II-2, Figure 2 ) was initially referred after syncope occurred subsequent to a facial trauma while she was playing in school. A neurological evaluation was performed without detecting any anomaly by magnetic resonance imaging. A second syncopal event occurred 1 month later while she was running. The resting ECG was normal regarding heart rate and QTc interval (Table) . During hospitalization, a Holter recording demonstrated salvos of premature VT (PVT) at a triggering rate of 100 bpm, preceded by isolated polymorphic ventricular bigeminy. An exercise test triggered ventricular bigeminy and polymorphic salvos (see Figure 1) . Nadolol was started at 80 mg daily, but a new stress-induced syncopal event occurred 6 months later, and the nadolol dosage was increased to 160 mg daily. The child remained asymptomatic for 4 years. The last Holter recording still demonstrated isolated polymorphic ventricular premature beats (VPBs). A new stress-induced syncopal event occurred recently (at 160 mg of nadolol), and an implantable cardioverter-defibrillator (ICD) was proposed to the patient. The family pedigree suggests a recessive pattern of transmission; however, the family is not aware of consanguinity. The family history was negative for sudden death or syncope, and exercise tests did not reveal any stress-induced ventricular arrhythmia in the remaining family.
The proband's coding regions of KCNQ1, KCNE1, KCNH2, KCNK1, and SCN5A did not reveal any abnormal conformers by PCR-single-strand conformation polymorphism screening. In contrast, screening of CASQ2 revealed a homozygous 1-bp deletion in the proband at nucleotide 62 of exon 1 (62delA, Figure 2 ). This deletion generates a frameshift in the reading frame, which leads to a stop codon 14 amino acids downstream from the deletion. Both parents and four of the proband's brothers are silent heterozygous carriers without any symptoms or ECG abnormalities at exercise testing (Table) . One brother inherited two wild-type alleles, and his phenotype is indistinguishable from that of his parents or brothers (Table) . Because the proband is homozygous for this deletion inducing the stop codon, we assume that there is a total absence of functional CASQ2 protein in the proband. Heterozygous carriers
Clinical Data of CASQ2 CPVT Families
HR indicates heart rate.
Family II
The proband of family II (III-1, Figure 2 ) is a 10-year-old male patient initially referred to the pediatric neurologist at the age of 3 years for breath-holding spells. The spells increased both in frequency and severity over time, with symptoms including paleness, cyanosis, and tachypnea. An epileptic disorder was suggested, and carbamazepine therapy was initialized. The patient was resuscitated at 7 years of age after he experienced syncope during exercise. The ECG obtained immediately after the resuscitation efforts showed sinus bradycardia (heart rate 65 bpm) and a prolonged QTc interval (550 ms). Propranolol therapy was initiated at 2 mg/kg, and the QTc interval had normalized on subsequent ECGs. Despite this, the patient developed PVTs at heart rates Ͼ125 bpm, which led to an increase in propranolol dosage to 4 mg/kg. Since then, the patient has remained free of tachycardia and symptoms with a follow-up of 3 years (Table) . The proband is the oldest child of consanguineous parents (first cousins) and has two younger siblings (aged 8 and 6 years) who are asymptomatic. The remaining family members are also asymptomatic, and no sudden death has been reported. Subsequent exercise tests and Holter recordings of the family revealed that the proband's brother (III-3) had doublets and runs of PVTs, for which he was treated by ␤-blockers at the age of 5 years. Exercise tests were normal for the rest of the family members. After exclusion of the above-mentioned candidate genes, we screened CASQ2 and found a homozygous intronic base-pair change (from G to A) 1 bp downstream from exon 4 (532ϩ1 G/A, Figure 2 ). The intronic G/A base-pair change Figure 1 . ECG recording in lead II of the proband of family I showing a normal QTc interval (428 ms) and a slow heart rate (70 bpm) at admission (A). Examples of polymorphic VPBs at the beginning of the stress test (B), followed by self-terminating polymorphic salvos as the heart rate increases Ͼ100 bpm (C). Recorded at 25 mm/s and 10 mm/mV. in family II occurs at the fully conserved 532ϩ1 position in the 5Ј splice site. 8 The effect of the mutation would either be (1) the abolishment of the authentic donor splice site and the subsequent utilization of a completely conserved cryptic donor splice site 55 bp downstream or (2) exon skipping, producing a CASQ2 transcript lacking exon 4. Unfortunately, we cannot determine in vitro the exact splicing effect, because there is no patient heart tissue available, and attempts to amplify CASQ2 mRNA from the proband's native lymphocytes failed. However, regardless of the mechanism, a frameshift occurs in the reading frame, and a premature stop codon for CASQ2 is introduced by this ϩ1 G/A mutation. Genotyping of the family revealed that the youngest brother (III-3) of the proband, with a CPVT phenotype, also carries the homozygous splicing defect. The parents, their other son (II-2), and two other family members are heterozygous for the splicing defect, fitting with the recessive mode of transmission ( Figure 2 ). Because the proband is homozygous for the 532ϩ1 G/A splicing mutation, we assume that there is a total absence of functional CASQ2 protein in this patient, as observed in family I.
Family III
The proband of family III (III-3, Figure 2 ) has presented with syncopal events since the age of 11 years. Her syncopal episodes were of short duration and occurred at the end of exercise. The initial diagnosis was vagal syncope, and CPVT was not diagnosed until the 18th year. At that time, a Holter recording demonstrated numerous polymorphic VPBs with couplets during sinus tachycardia. Resting ECG showed sinus bradycardia and a borderline QTc interval (Table) . A subsequent stress test confirmed CPVT by showing polymorphic ventricular salvos Ͼ135 bpm. Nadolol (80 mg/d) was started, leading to the disappearance of syncopal events. She has been completely asymptomatic under nadolol with a 6-year followup. The family history was negative for syncope or sudden death; nonetheless, exercise tests of the family demonstrated episodes of bigemini and VPBs in the maternal grandfather (I-3) and uncle (II-8).
The coding regions of KCNQ1, KCNE1, KCNH2, KCNK1, and SCN5A did not reveal any abnormal conformers by PCR-single-strand conformation polymorphism screening. Subsequent sequencing of CASQ2 revealed a heterozygous mutation in the first exon of CASQ2, which changes an arginine into a stop codon at position 33 (R33*). Segregation analysis of the family suggests that this nonsense mutation was inherited from the mother's family, with five additional carriers (Figure 2 ). The proband's mother, her sister, and a nephew carry the heterozygous R33X nonsense mutation but are phenotypically normal, and they had no ECG abnormalities during exercise tests. The grandfather and uncle do have mild CPVT symptoms detectable during exercise tests as described above, but they have never experienced syncope.
Discussion
CPVT is a rare arrhythmogenic disorder characterized by syncopal events and SCD at young age during physical stress or emotion, in the absence of structural heart disease. Diagnosis of CPVT is difficult because rest ECGs are usually normal. Holter recordings and especially exercise tests are useful in uncovering CPVT. Mutations in Ca 2ϩ -handling proteins located in the SR, such as RYR2 and CASQ2, are associated with CPVT. RYR2 CPVT mutations have an autosomal dominant mode of transmission, whereas the one published CASQ2 CPVT mutation has an autosomal recessive transmission. In the present study, we report the first nonsense mutations in the cardiac calsequestrin gene, CASQ2, in three additional CPVT families.
In contrast to the array of different mutations leading to CASQ2 CPVT (see below), the phenotypes of the three probands share many similarities: the probands reported syncopes were always preceded by exercise or emotion, and exercise testing in the probands showed an average threshold of 110 bpm before the appearance of PVT, which was reproducibly induced in the same proband. Their QTc intervals are within normal parameters 9 ; however, the probands have a relative resting bradycardia (60 bpm), which differs from that of healthy children in their age groups (88 and 74 bpm) (Table) . 9 Interestingly, all probands had runs of PVT and doublets on systematic Holter recordings, without any reported symptoms; thus, Holter recordings might be useful in detecting presymptomatic (CASQ2) CPVT. Treatment with ␤-blockers has had a favorable overall outcome: two of the three probands are symptom free with a mean follow-up period of 4 years; for the other proband, an ICD is being considered. CASQ2 CPVT probands and published RYR2 CPVT probands show a similarity in CPVT symptoms, threshold of PVT, and QTc interval. The effectiveness of the therapy also seems similar between those groups. A recent publication, with a comparable follow-up time, shows that in 7 of 19 genotyped RYR2 probands, episodes of VT/ventricular fibrillation occurred while the patients were on ␤-blockers of equivalent dosage. 3 The phenotype of our probands is in concordance with that of the homozygous carriers of the consanguineous family described by Lahat et al 6 with an average heart rate of 65 bpm, a PVT threshold of 110 bpm, and a QTc interval of 420 ms. The comparison of the relative bradycardia seen in the genotyped CASQ2 probands with genotyped RYR2 probands is difficult to make, because RYR2-genotyped probands' heart rates are either pooled within a single family or are not reported. 4, 5 In an overview of nongenotyped CPVT patients, which did not include our CASQ2 probands, Leenhardt et al 1 describe bradycardia similar to that of our CASQ2 probands. However, because that patient group most likely contained both CASQ2 and RYR2 mutation carriers, it is difficult to separate the consequences of the two mutations. Interestingly, sinoatrial (SA) node cells, which serve as the primary pacemaker of the heart, have RYR channels and functional SR. 10 Moreover, substances that interfere with SR function have a negative chronotropic effect on the SA node. 11 Thus, the bradycardia seen in the CASQ2 probands could be a direct effect of the impaired Ca 2ϩ handling of their SA nodal cells. It is striking that (induced) nonsense heterozygous CASQ2 carriers in the three families are asymptomatic or mildly affected, despite the fact that they probably have half of the normal amount of CASQ2 protein. However, it has been shown that the predominant consequence of nonsense muta-tions is not the synthesis of truncated proteins. Rather, the majority of nonsense transcripts are recognized and efficiently degraded by the cell via a pathway known as nonsense-mediated mRNA decay (NMD). 12 Moreover, in diseases such as ␤-thalassemia and Marfan's syndrome, NMD is a potent modulator of the phenotype; nonsense mutations in the first part of a gene usually result in very mild or asymptomatic phenotypes. In contrast, nonsense mutations in later exons are not degraded and result in truncated protein, possible interaction with the wild-type protein, and a severe phenotype. 13 Because our reported nonsense mutations occur early in the gene, we believe that NMD might explain why nonsense CASQ2 carriers are asymptomatic or mildly affected. Nonetheless, although our nonsense heterozygous CASQ2 mutation carriers are not inducible by exercise testing, they most likely have compromised Ca 2ϩ -binding ability in the SR. Alarmingly, phenotypically normal RYR2 mutation carriers with normal exercise tests do experience syncope and SCD, implying that an asymptomatic phenotype does not guarantee protection from CPVT. 14 In this respect, a long-term follow-up study in asymptomatic heterozygous CASQ2 mutation carriers might reveal if they are (also) at risk for developing CPVT.
Conversely, nonsense homozygotes, arguably putative null alleles, as seen in families I and II, are severely affected. In accordance with NMD, homozygosity for these nonsense mutations would result in the complete absence of functional CASQ2 protein. As described earlier, RYR2 homozygote knockout mice die during embryonic life 15 ; thus, it seems that properly regulated Ca 2ϩ release is crucial. Similarly, an SR lacking buffered Ca 2ϩ , because of the absence of CASQ2, would seem incompatible with life, inasmuch as regulated Ca 2ϩ release would be compromised. Because both homozygous probands survived the first years, a mechanism must exist that provides Ca 2ϩ buffering in the SR in the absence of functional CASQ2 protein. One possibility is the upregulation of other Ca 2ϩ -binding proteins, such as HRC or sarcalumenin, which have both been identified in the SR of cardiac muscle and have been shown to bind Ca 2ϩ reminiscent of calsequestrin. 16, 17 Alternatively, an increase or upregulation of phospholamban and SERCA activity could produce an adequate level of Ca 2ϩ in the absence of the buffering power of CASQ2. Unfortunately, we are unable to verify this because there is no heart tissue available. Attempts to amplify or detect CASQ2 in native lymphocytes failed, probably because of its heart specificity. Regardless of the mechanism, it is clear that homozygosity for nonsense mutations in CASQ2 cosegregates with the CPVT and produces a severe phenotype. In this respect, it is important to analyze pedigrees of CPVT probands carefully because consanguinity might infer CASQ2 involvement. Moreover, sporadic CPVT cases without familial involvement may be explained by recessive transmission of CASQ2 mutations.
In family III, we found a heterozygous nonsense mutation that is present not only in the proband but also in five additional family members. However, as opposed to the heterozygous nonsense carriers in families I and II, it seems that some nonsense carriers in family III have at least a mild phenotype on exercise. The R33X nonsense mutation produces episodes of bigeminy and VPB on exercise testing in two of the five carriers besides the proband, although they have no reported syncope. The remaining three nonsense carriers of family III do not exhibit any symptoms of CPVT. The mild phenotype in the two carriers may represent a phenocopy caused by underlying ischemic heart disease or another common cardiac disease. Alternatively, a reason for the mild or absent phenotypes in the heterozygous carriers and the strongly affected proband of family III could be reduced penetrance, analogous to a recent study on CPVT reporting that 17% of RYR2 mutation carriers have no phenotype. 3 This would make the R33X mutation the first autosomal dominant mutation for CASQ2. Alternatively, on the basis of the unaffected parents and the similarity in phenotype between the homozygous CASQ2 probands and the heterozygous CASQ2 proband, a second mutation in the Ca 2ϩ -handling pathway, besides a CASQ2 mutation, might be present in the heterozygous CASQ2 proband, leading to CPVT. In this way, the clearly affected proband and the mildly affected family members are explained by a multifactorial form of CPVT. With regard to this, we excluded several Ca 2ϩ -handling and ion channel genes by sequencing, although we cannot eliminate the possibility of mutations in other genes acting as a second disease allele in the heterozygous proband of family III. However, a second gene or the influence of a second gene altering Ca 2ϩ handling will be difficult to find in the asymptomatic parents, because it is not producing a phenotype in spite of exercise testing. In conclusion, the heterozygous nonsense mutation in family III shows a different phenotype from nonsense mutations in families I and II; either the family's distinct phenotype is altered by incomplete penetrance, or the Ca 2ϩ handling in the proband is further compromised by an additional mutation, suggesting a multifactorial form of CPVT.
In summary, we report the first nonsense mutations in the cardiac calsequestrin gene, CASQ2, in three CPVT families. Sequencing of CASQ2 revealed three different nonsense (inducing) mutations. However, despite the different mutations, there is little interphenotypic variation of CPVT for the CASQ2 mutations besides the age of onset in the homozygous probands. Family pedigrees suggest that two CASQ2 mutations are homozygous (consanguineous) and that the other mutation is either autosomal dominant with reduced penetrance or a component of a multifactorial form of CPVT. The unforeseeable risk of juvenile sudden death (50%) and the proven efficacy of ␤-blocker/ICD therapy for CPVT emphasize the role of genetic screening for early diagnosis and preventive strategies. In addition, the evidence that mutations in the RYR2 and CASQ2 genes are involved in CPVT could lead to a more specific and effective pharmacological treatment. Finally, it is noteworthy that complete absence of CASQ2 in our two homozygous probands, as predicted from the mutations, is compatible with life.
Limitations of the Study
We identified two frameshift mutations in the probands of families I and II, and we argue that these frameshifts lead to null alleles. Because we did not have myocytes of the probands and because we are not able to get them (for obvious reasons), we cannot show in vitro that there is an absence of CASQ2 protein in the probands and prove the null allele hypothesis.
